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statement  of  Problem  Studied 


The  research  in  the  original  proposal  had  the  express  purpose  of  developing  radically  new 
techniques  for  the  patterning  and  interconnection  of  electronic  and  magnetic  materials  on  nano  length 
scales  in  order  to  design  and  investigate  next  generation  materials  and  devices.  The  approach  utilized 
the  inherent  self-organizing,  highly  selective  properties  of  biologically  derived  molecules.  The  goal  was 
to  radically  alter  our  ability  to  form  and  assemble  nanoscale  electronic  and  magnetic  devices  and 
systems.  In  particular,  we  proposed  to  use  proteins  to  nucleate  and  pattern  useful  electronic  and 
magnetic  materials.  Potential  application  of  these  materials  included  optoelectronic  devices  such  as 
light  emitting  displays,  optical  detectors  and  lasers;  fast  interconnects;  and  nanometer  scale  computer 
components.  We  employed  a  peptide  combinatorial  approach  to  identify  proteins  that  selected  for  and 
specifically  bound  to  inorganic  nanoparticles  such  as  semiconductor  quantum  dots.  Because  nature  has 
not  had  the  opportunity  to  produce  biomolecular  interactions  with  some  of  the  desired  materials,  we 
proposed  to  use  phage  display  libraries  to  select  peptide  sequences  that  would  bind  to  these  materials. 
The  library  used  for  the  initial  experiments  had  1.9  X  10®  different  random  sequences  and  the  fused 
random  peptide  was  displayed  on  the  coat  of  the  phage.  The  phage  display  approach  provided  a 
physical  linkage  between  the  substrate  interactions  and  the  DNA  that  encoded  that  interaction.  Proteins 
that  selected  specific  inorganic  particles  were  sequenced,  cloned  and  genetically  engineered  for  higher 
affinity  binding.  These  recognition  peptides  attached  to  the  particles  would  act  as  interconnect  sites  for 
conducting  polymers  or  other  attaching  molecules,  with  the  goal  of  forming  macroscopically  ordered 
addressable  storage  arrays  or  circuits. 
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Summary  of  Most  Important  Results 

Semiconductor  materials  synthesized  as  oriented  nanocrystals  and/or  assembled  into  nanowires 
and  quantum  dot  solids  of  a  single  material  or  interveined  with  different  types  of  materials  have 
technological  potential  in  device  fabrication.  Our  research  over  the  past  several  years  has 
demonstrated  the  application  of  peptides  and  biological  templates  to  control  growth  and  assemble 
nanocrystals  into  potential  technologically  important  materials,  including  heterostructures  and 
superlattices.^''®  The  research  covered  by  this  grant  had  three  key  stages;  Selection  of  Peptides  that 
interaction  specifically  with  a  certain  material;  The  use  of  such  peptides  to  bind  and/or  grow 
nanoparticles  or  quantum  dots;  and  finally  the  patterning  of  such  specific  peptide  moieties  in  order  to 
pattern  materials,  including  heterostructured  mateials. 

Specific  peptide  recogntion  and  control  over  material  assembly  was  found  through  the  use  of 
Ml 3  bacteriophage  screening  used  to  isolate  peptide  fusions  capable  of  not  only  material  specific 
recognition,  but  directed  crystal  phase  nucleation  of  some  if  not  all  of  the  semiconductor  and  magnetic 
materials  studied,  including  ZnS,  CdS,  PbS,  Co,  CoPt,  FePt,  Fe203,  Fe304,  GaAs,  InP,  Si  and  carbon. 
The  peptides  isolated  from  selection  experiments  were  then  genetically  encoded  for  expression  along 
the  length  of  a  virus,  and  as  such,  an  engineered  viral  template  was  shown  to  nucleate  nanocrystals  in  an 
oriented  fashion,  forming  wire-like  structures,  thus  achieving  patterning  of  materials  using  biological 
precursors.  The  nanocrystalline  viral  nanowires  are  further  transformed  to  single  crystalline  nanowires 
through  a  designed  heat  treatment  process. 


II-VI  Semiconductor  Materials 

Peptide  selection  and  nucleation  of  ZnS  and  CdS 

Biological  selection  using  the  Ml 3  bacteriophage  was  used  to  isolate  peptide-phage  fusions 
capable  of  specific  recognition  and  nucleation  of  zinc  sulfide  (ZnS)  and  cadmium  sulfide  (CdS) 
nanociystals.  *  Depending  on  the  growth  conditions  of  bulk  phase  or  nanocrystals,  II-VI 
semiconductors  can  be  crystallized  into  either  zinc  blende  or  wurtzite  structure.  Zinc  blende  and 
wurtzite  belong  to  cubic  and  hexagonal  crystal  classes,  respectively.  Both  forms  are  structurally  similar, 
with  the  only  difference  arising  from  the  “staggered”  and  “eclipsed”  positions  of  the  fourth  interatomic 
bond  along  the  (111)  chain.'^  Our  results,  currently  being  submitted  to  the  Journal  of  Materials 
Chemistry,  have  demonstrated  that  specific  interactions  with  engineered  peptides  can  control  nucleated 
nanocrystal  structure  for  both  ZnS  and  CdS. 

Two  peptides,  A7  and  Z8,  isolated  from  different  phage  combinatorial  libraries  were  successfully 
identified  as  consensus  motifs  for  ZnS  (Figure  1,  Figure  2) .  Nucleation  studies  were  performed  with  A7 
and  Z8  to  determine  the  peptide’s  affect  on  nanocrystal  growth.  TEM  and  ED  data  revealed  that  the 
virus  constructs  were  found  to  control  both  crystal  size  and  structure  of  semiconductor  nanocrystals 
S5mthesized  in  aqueous  solution  at  room  temperature.  Most  significantly,  different  engineered  peptide- 
virus  constructs  were  found  that  directed  the  specific  nucleation  of  either  zinc-blende  or  wurtzite 
structure  for  ZnS  nanocrystals.  Upon  HRTEM  analysis  of  the  resultant  nanocrystals,  two  different 
phases  of  ZnS  were  grown  in  the  presence  of  A7  and  Z8  (Figure  3).  A7  directed  the  wurtzite  structure 
crystal  phase  while  Z8  directed  the  sphalerite  crystal  phase.  Without  any  size  exclusion  purification 
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A7 

Z8 


Figure  1  (above):  N-terminal  Peptide  sequences  A7  and 
Z8  isolated  from  ZnS  screening  with  virus  combinatorial 
library.  These  two  sequences  were  used  to  nucleate 
nanocrystals  of  ZnS 


Figure  2  (left):  Illustratration  of  the  peptide  insert  structure 
that  is  expressed  upon  phage  generation,  showing  the  two 
libraries  used  as  reported  in  this  research,  a  12  mer  linear 
and  7  mer  constrained  with  a  disulfide  bond. 


technique  or  high  temperature  synthetic  routes,  as  is  the  current  standard  process  in  traditional  inorganic 
synthesis  of  such  nanocrystals,  the  A7  peptide  synthesized  particles  with  a  narrow  size  distribution  near 
10%.  The  Z8  peptide  synthesized  nanoparticles  with  a  narrow  size  distribution  near  14%,  in  an  aqueous, 
room  temperature  environment.  Furthermore,  when  the  A7  and  Z8  sequences  were  displayed  on  the 
length  of  the  virus  protein  coat,  the  same  crystal  phase  control  was  seen. 


Figure  3  (left):  Evidence  of 
nanocrystals  influenced  by  Z8  and  A7 
viruses,  a,  HRTEM  images  showing 
the  lattice  spacing  of  the  Z8-directed 
ZnS  nanocrystal.  Inset  confirms  the 
nanocrystals  grown  were  of  the  zinc 
blende  crystal  phase;  b,  ED  pattern 
confirming  formation  of  spahlerite 
ZnS;  c,  HRTEM  images  showing  the 
lattice  spacing  of  the  A7-directed  ZnS 
nanoerystal.  crystal  phase;  d,  ED 
pattern  confirming  the  nanocrystals 
grown  were  of  the  wurtzite. 
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A  parallel  study  with  CdS  was  done  to  identify  the  peptides  J140  and  J 182  as  consensus 
motifs  (Figure  4).  Upon  HRTEM  analysis  of  the  resultant  nanocrystals,  two  different  phases  of 
CdS  were  grown  in  the  presence  of  J 140  and  J182,  a  trend  parallel  to  that  seen  with  ZnS  specific 
phage  grown  nanocrystals.  J140  directed  the  wurtzite  structure  crystal  phase  while  J182  directed 
the  zinc  blende  crystal  phase  (Figure  5).  Without  any  size  exclusion  purification  technique  or 
high  temperature  synthetic  routes,  as  is  the  current  standard  process  in  traditional  inorganic 
synthesis  of  such  nanocrystals,  the  J140  peptide  synthesized  particles  with  a  narrow  size 
distribution  near  13%.  The  J182  peptide  synthesized  nanoparticles  with  a  size  distribution  near 
23%,  in  an  aqueous,  room  temperature  environment.  While  the  size  distribution  for  these 
peptide-directed  nanocrystals  was  not  as  narrow  as  seen  with  the  ZnS  phage  clones,  the  resultant 
data  shows  that  the  peptide  control  was  applicable  to  a  family  of  II- VI  semiconductor  materials. 


J182 

J140 


Figure  4:  N-terminal  Peptide  sequences  isolated  from  CdS  screening  with  virus 
combinatorial  library.  There  two  sequences  were  used  to  nucleate  nanocrystals  of  CdS 


Figure  5:  Evidence  of  nanocrystals 
influenced  by  J140  and  J182  phage,  a,. 
ED  pattern  confirming  the  J140- 
directed  CdS  nanocrystals  grown  were 
of  the  wurtzite  crystal  phase,  b, 
HAADF  STEM  image  at  high 
magnification  of  J140-directed  ZnS 
nanocrystals.  Inset,  HRTEM  images 
showing  the  lattice  spacing  of  the  J140- 
directed  ZnS  nanocrystal  c,  ED  pattern 
confirming  the  J182-directed  CdS 
nanocrystals  grown  were  of  the  zinc 
blende  crystal  phase,  with  indexing  to 
the  (110)  and  the  (200)  crystal  planes  d, 
HAADF  STEM  image  at  high 
magnification  of  J182-directed  ZnS 
nanocrystals.  Inset,  HRTEM  images 
showing  the  lattice  spacing  of  the  J182- 
directed  ZnS  nanocrystal. 
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Patterning  of  ZnS  and  CdS  using  Peptide-Engineered  Viral  Templates 


The  highly  organized  structure  of  M13  bacteriophage  was  used  as  an  evolved  biological 
template  for  the  nucleation  and  orientation  of  semiconductor  nanowires,  as  was  reported  in  the 
Proceedings  of  the  National  Academy  of  Sciences^  To  create  this  organized  template,  successful 
nucleating  peptides  were  expressed  as  pVIIl  fusion  proteins  along  the  length  of  the  virus.  Phagemid 
constructs,  which  contained  bacterial  plasmid  DNA  encased  in  a  viral  protein  coat,  were  used  as  the 
basic  building  block  of  the  viral  wire  semiconductor  template  (Figure  6a).  The  engineered  viruses  were 
exposed  to  semiconductor  precursor  solutions,  and  the  resultant  nanocrystals  that  were  templated  along 
the  viruses  to  form  nanowires  were  extensively  characterized  using  high  resolution  analytical  electron 
microscopy  and  photoluminescence. 


Wild  type  virus  pVIII 

(no  engineered  engineered 
insert)  virus 


Engineered  virus 
nucleating  ZnS 
nanowires 


Figure  6:  a.  Illustration  depicting  A7  peptide 
expression  on  the  pVIII  protein  upon  phage 
amplification  and  assembly,  then  subsequent 
nucleation  of  ZnS  nanocrystals.  Call  outs  depict 
insertion  of  the  A7  nucleotide  sequences,  resulting 
in  A7  fusion  protein  shown  as  green  shaded  areas. 
Also,  the  call  out  of  the  engineered  virus  shows 
detail  of  the  wild-type  pVIII  protein  (gray)  and  the 
A7-engineered  pVIII  protein  (green)  composing 
the  viral  coat,  b,  ADF  STEM  images  showing  the 
morphology  of  the  ZnS-virus  nanowires.  The 
ZnS-virus  nanowires  were  560  nm  long  and  20 
nm  wide;  c,  EDS  mapping  of  S  (an  identical  EDS 
mapping  of  Zn  was  also  observed),  d,  ADF 
STEM  image  of  viral  CdS-virus  nanowires.  Inset, 
HA  ADF  image  of  the  framed  portion  in  d.  e, 
corresponding  EDS  mapping  of  elements  Cd  (S 
mapping  resulted  in  an  identical  image),  scale  bar 
1  pm. 
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The  ZnS  and  CdS  specific  peptides  were  found  to  function  the  same  in  either  of  two  different 
fusion  constructs,  a  pill  and  pVIII  fiision.  ZnS  nanocrystals  were  well  crystallized  on  the  viral  capsid  in 
a  hexagonal  wurtzite  or  a  cubic  zinc  blende  structure,  depending  on  the  peptide  expressed  on  the  viral 
capsid.  Electron  diffraction  patterns  showed  single  crystal  type  behaviour  from  a  poly-nanocrystalline 
area  of  the  nanowire  formed,  suggesting  that  the  nanocrystals  on  the  virus  were  preferentially  oriented 
with  their  [001]  perpendicular  to  the  viral  surface.  Peptides  that  specifically  directed  CdS  nanocrystal 
growth  were  also  engineered  into  the  viral  capsid  to  create  wurtzite  CdS  virus  based  nanowires.  Lastly, 
heterostructured  nucleation  was  achieved  with  a  dual-peptide  virus  engineered  to  express  two  distinct 
peptides  within  the  same  viral  capsid.  CdS  and  ZnS  were  then  simultaneously  nucleated  stochastically 
along  the  length  of  the  virus  wire.  This  represented  a  genetically  controlled  biological  synthesis  route  to 
a  semiconductor  nanoscale  heterostructure. 

Atomic  Force  Microscopy  was  used  to  observe  that  the  engineered  A7pVIII  phage  were  slightly 
different  in  length  and  width  that  the  combinatorial  library  (Figure  7).  The  size  differences  arose  from 
the  different  packaging  lengths  used  in  the  engineering  of  the  plasmid  vector  from  which  protein  VIII 
was  incorporated  upon  virus  assembly.  This  observation  and  the  potential  use  of  such  engineered 
viruses  as  nano-templates  for  the  organization  of  crystals  into  nanowires  lead  to  the  idea  that  wire  length 
could  be  custom-tailored.  A7pVIII  construets  were  observed  to  be  560  nm  in  length  compared  to  wild 
type  and  library  pill  engineered  A7,  both  of  which  were  860nm  in  length.  The  A7pVIII  and  ZSpVIII 
viruses  were  also  visualized  by  TEM.  The  AFM  images  were  used  to  confirm  the  length  scale  observed 
by  TEM. 


Figure  7:  AFM  images  of  the  viruses,  showing 
differing  lengths  depending  on  how  the  virus  was 
engineered.  The  image  in  a  shows  a  pill  A7 
engineered  virus;  b  shows  an  A7  pVIII  engineered 
virus;  c  shows  a  pill  wild  type  virus;  and  d  shows 
a  wild  type  pVIII  virus. 


From  the  detailed  study  of  A7-ZnS  and  Z8-ZnS  complexes,  as  well  as  the  initial  studies 
performed  with  J182-CdS  and  J140-CdS  complexes,  phage  display  provided  a  route  to  the  identification 
of  peptides  that  could  effectively  modulate  the  growth  of  nanoerystals  in  aqueous  solution  under 
ambient  conditions.  As  such,  this  method  provides  a  new  route  to  the  synthesis  of  nanocrystals  with 
specified  physical  characteristics  such  as  size  and  crystal  phase  and  has  the  potential  to  assemble 
biological  II- VI  hybrid  materials  into  spatially  complex  functional  mesoscopic  electronic  and  photonic 
structures.  Further  refinements  of  the  method  can  be  envisioned  to  provide  a  rather  general  strategy  for 
controlling  the  crystal  formation  of  other  II- VI  semiconductors.  An  attractive  feature  of  the  approach  is 
that  the  peptides  can  be  fused  onto  other  proteins,  that,  in  turn,  can  provide  a  template  for  the  assembly 
of  ordered  nanocrystals  on  a  variety  of  size  scales.  Ideally,  using  engineered  peptides  and  fusion 
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proteins  may  someday  allow  the  construction  of  spatially  complex  functional  mesoscopic  electronic  and 
photonic  structures. 

The  nanocrystalline  viral  nanowires  were  further  transformed  to  single  crystalline  nanowires 
(Figure  8)  through  a  designed  heat  treatment  process.  The  single  crystalline  nanowires  were  formed  by  a 
mechanism  of  oriented  aggregation-based  crystal  growth  in  which  adjacent  nanocrystals  on  the  viruses 
aggregate  and  rotate  so  their  structures  adopt  parallel  orientations  in  three  dimensions.  Crystal  growth  is 
accomplished  by  removing  the  underlying  viruses  at  high  temperatures  and  eliminating  the  interfaces  in 
between  two  adjacent  nanocrystals  driven  by  interface  energy  minimization.  The  length  of  the  wire-like 
viruses  can  be  genetically  controlled,  and  thus  our  biological  route  represents  the  genetic  control  over 
the  nanowire  synthesis. 

The  mineralized  viral  wires  were  then  transferred  to  chemically  modified  SiOx  substrates 
(wafers  or  TEM  grids).  After  the  viral  wires  were  transferred  onto  the  SiOx  substrates,  the  substrates 
were  annealed  at  temperatures  around  a  characteristic  temperature  (Tc)  where  a  large  number  of  smaller 
nanocrystals  were  melted.  Tc  was  determined  through  trial-and-error  experiments,  and  was  found  to  be 
400-500  C,  depending  on  the  size  distribution  of  the  nanocrystals  on  the  virus. 

The  virus  nanowires  were  found  to  rapidly  transform  into  single  crystalline  nanowires  (Figure  8 
below)  within  5  hours  due  to  the  high  reactivity  of  the  nanocrystals.  HRTEM  observations  show  that  the 
nanocrystals  in  close-proximity  and  with  preferred  orientation  were  aggregated  into  larger  single 
crystals,  driven  by  the  elimination  of  interface  and  reducing  of  the  interface  energy.  The  preferred 
orientation  of  ZnS  nanocrystals  on  the  viral  wires,  resulting  from  nucleation  directed  by  fused  peptides 
of  uniform  conformation  on  the  virus  coat,  resulted  in  the  formation  of  larger  single  crystals  on  the 
virus,  which  consequently  led  to  the  formation  of  single  crystalline  nanowires.  The  preferred  orientation 
indicated  that  a  majority  of  nanocrystals  (orientated  nanocrystals)  shared  the  similar  crystallographic 
orientation 


Figure  8:  TEM  and  HRTEM  images  of  single 
crystal  nanowires  grown  on  a  viral  template 
followed  by  a  heat  treatment. 
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Molecular  Orientation  in  Ml  3  Phage  Nanoparticle  Cast  Films 


Genetically  engineered  viruses,  Ml 3  phage  and  Ml 3  phage  bound  with  ZnS  nanoparticles  (ZnS- 
M13),  were  used  to  create  cast  films  on  semiconductor  substrates.  A  self-assembled  ZnS-M13 
film  where  molecules  took  an  in-plane  orientation  was  obtained  on  both  single  crystal  and 
polycrystalline  substrates,  while  the  Ml 3  phage  cast  film,  prepared  under  the  same  conditions, 
showed  no  such  molecular  orientation.  We  investigated  the  film  formation  process  using  atomic 
force  microscopy  and  scanning  electronic  microscopy.  The  real  space  images  showed  that  the 
order  of  molecular  orientation  depends  on  the  concentration  of  aqueous  solutions  and  the 
roughness  of  substrates.  The  fact  that  on  a  smooth  substrate,  a  single  ZnS-M13  molecule 
nucleated  the  film  formation,  while  on  a  rough  substrate  a  bundle  of  ZnS-M13  molecules  served 
as  the  nucleus,  suggests  that  ordered  film  formation  is  driven  by  capillary  meniscus  phenomena. 
Controlling  the  aqueous  solution  concentration  yielded,  for  the  first  time,  a  highly  oriented  ZnS- 
M13  film  on  an  indium  tin  oxide  plate.  The  ability  to  control  the  orientation  of  virus-based  films 
could  lead  to  new  types  of  hybrid  materials  in  which  the  components  are  organized  on  several 
length  scale. 

Molecules  and  atoms,  either  singly  or  as  nanometer-sized  aggregates,  can  serve  as  the 
elementary  units  of  electronic  systems  with  extremely  high  component  density  and  configuration 
flexibility.  Most  of  the  previous  work*^  '*  on  the  fabrication  of  array-based  devices  and  the 
mechanism  of  molecular  orientation  focused  on  small  n-conjugated  molecules,  because  they  can 
be  controlled  easily  using  traditional  technology,  such  as  Langmuir-Blodgett,  molecular  beam 
epitaxy  techniques,  and  so  on.  In  contrast,  functional  biomolecules,  especially  protein  molecules, 
generally  have  more  and  more  highly  specialized  functions.'^^  To  make  tiny  electronic  circuits, 
much  emphasis  has  been  put  on  mimicking  nature  — -  finding  ways  to  get  inanimate  materials  to 
“self-assemble,”  in  a  fashion  analogous  to  the  way  living  things  grow.  Although  this  area  has 
seen  great  progress  toward  the  fabrication  of  a  new  generation  of  complex,  sophisticated 
electronic  structures,  molecular  organization  and  the  self-assembly  of  huge  molecules  is  not 
completely  understood.^'^’ 

This  work  sought  to  elucidate  protein  molecular  aggregation  in  a  self-assembly  system. 
Aqueous  solutions  of  M13  phage  and  M13  bound  with  ZnS  nanoparticles  were  used  to  prepare 
cast  films  on  single  crystal  Si(lOO)  and  several  polycrystalline  substrates.  The  film  formation 
process  was  investigated  using  atomic  force  microscopy  (AFM)  and  scanning  electronic 
microscopy  (SEM).  The  experimental  results  revealed  the  array  formation  mechanism  for  M13 
phage  alone  or  bound  to  ZnS-nanoparticles  in  the  cast  films.  We  propose  a  three-stage  film 
formation  model. 

We  used  five  substrates  in  this  work:  Si  (100)  single  crystal;  silicon  wafers  with  a 
thermally  grown  oxide  layer  either  2, 15,  or  500  nm  thick;  and  indium  tin  oxide  (ITO)  plate.  The 
silicon  wafer  and  commercial  ITO  plate  were  purchased  from  Fluoroware  and  Metavac, 
respectively. 

The  fabrication  of  the  M13  phage  and  ZnS-M13  as  we  reported  in  Science  in  2002.” 
Aqueous  solutions  of  the  M13  phage  or  ZnS-M13  were  cast  on  the  substrates  and  the  solvent  was 
evaporated  slowly  at  room  temperature.  Atomic  force  microscopy,  AFM  (NanoScope  Ilia),  and 
scanning  electron  microscopy,  SEM  (LEO1530),  were  used  to  characterize  the  film  structure. 

Nucleation  of  the  M13  phage  and  ZnS-M13  films  in  the  early  stages  of  film  formation 
were  easily  seen  with  AFM.  Figure  9  shows  a  typical  AFM  image  of  the  boundary  area  between 
a  Si(lOO)  substrate  and  the  cast  film  of  M13  (a)  or  ZnS-M13  (b).  Early  in  the  film  formation. 
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M13  molecules  adsorb  on  the  substrate  randomly  and  link  with  each  other  in  a  branch  pattern. 
ZnS-M13  molecules,  however,  adsorb  on  the  substrate  and  remain  separate.  High-resolution 
AFM  images  of  the  films  (Fig.lO)  show  the  detailed  molecular  adsorption  characteristics  of  M13 
and  ZnS-M13  molecules  on  the  substrate.  The  length  and  width  of  the  branched  phage  and  rod¬ 
like  phages,  shown  as  a  and  a’  in  Fig.  10  (a)  and  (b),  are  about  880  nm  and  6  nm, 
respectively— consistent  with  the  length  and  diameter  of  individual  M13  molecules.  Our 
previous  work^’  demonstrated  that  one  ZnS-nanoparticle  bound  at  the  end  of  Ml 3  through  pill  is 
about  2-3  nm  in  diameter.  The  sphere  observed  at  the  end  of  the  rod-like  phage  may  be  a  ZnS 
cluster  formed  from  five  ZnS  nanoparticles  bound  with  the  M13;  its  size,  ~15nm,  is  consistent 
with  that  of  multiple  ZnS  nanoparticle  aggregates. 

These  results  suggest  that  Ml 3  phage  molecules  are  laid  down  alone  on  the  substrate  and 
link  to  each  other  randomly.  The  high  affinity  of  phage  for  other  phage  is  the  basis  for  film 
formation.  On  the  other  hand,  ZnS-M13  molecules  adsorb  on  the  substrate  surface  individually 
and  tend  to  stack  on  top  of  each  other.  The  difference  between  M13  phage  and  ZnS-M13 
adsorption  behavior  may  arise  from  differing  capillary  effects.  The  ZnS  forms  a  relatively  small, 
roughly  spherical  cluster  at  one  end  of  the  Ml 3  that  is  more  strongly  affected  by  the  capillary 
meniscus  phenomenon;  this  results  in  a  nucleation  pattern  very  different  from  that  of  M13. 

In  SEM,  Figure  11,  we  find  noteworthy  the  separate  ZnS-M13  nuclei  observed  in  a  very 
large  area,  typically  extending  to  a  few  micrometers.  These  nuclei  are  aligned  along  the  direction 
of  water  flux  and  are  the  basis  of  a  highly  molecularly  oriented  ZnS-M13  film.  We  conclude  that 
the  molecularly  oriented  nucleation  is  induced  by  the  ZnS-nanoparticles;  that  is,  their  presence 
creates  a  molecular  template  in  the  first  stage  of  film  formation.  However,  we  know  that  the 
ZnS-M13  phage  nucleation  is  not  due  to  molecular  epitaxial  growth  on  Si  (100)  because  the 
molecular  orientation  does  not  reflect  the  crystalline  features  of  that  substrate.  The  nucleation 
may  originate  from  interactions  between  ZnS  nanoparticles  and  water  flux  during  solvent 
evaporation.  These  results  suggest  that  nucleation  must  be  molecularly  oriented  to  yield  an 
ordered  ZnS-M13  film.  Such  an  ordered  molecular  template  might  be  obtained  on  a 
polycrystalline  substrate.  Also  visible  in  Figure  1 1  is  the  variation  in  orientation  with  film 
thickness.  The  molecular  template  determines  the  orientation  of  the  next  ZnS-M13  molecules, 
but  the  molecular  orientation  disintegrates  where  the  film  is  thick,  perhaps  because  the  slender 
Ml  3  phage,  like  linear  molecules,  tends  to  assume  a  nematic  bulk  crystal  structure. 

To  clarify  whether  ZnS-M13  molecules  nucleate  based  on  molecular  orientation  on  a 
polycrystalline  substrate,  as  well  as  on  the  Si(lOO)  single  crystal  surface,  we  cast  10%  and  25% 
ZnS-M13  aqueous  solutions  on  SiOj  layers  covering  a  Si(lOO)  surface.  The  SiOj  layers  were  2, 
15,  or  500  nm  thick.  Figure  12  shows  AFM  images  of  ZnS-M13  nuclei  adsorbed  on  the  Si02 
layers  at  both  concentrations.  The  results  are  summarized  in  Table  1.  At  10%  concentration, 
ZnS-M13  molecules  align  and  order  along  the  water  flux  direction  on  2  nm  and  15  nm  thick  SiOj 
layers,  but  not  on  the  500  nm  layer.  For  the  25%  concentration,  ZnS-M13  molecules  nucleate 
even  on  the  500  nm  SiOj  layer  in  a  molecular  "bundle"  about  900  nm  long  and  40  nm  wide.  On 
the  other  hand,  we  saw  no  ordered  nuclei  for  the  molecular  bundle  on  the  2  nm  and  15  nm  Si02 
layers  at  25%  concentration. 

Rigid  backbone  polymers  forming  liquid  crystals  above  a  certain  critical  concentration 
have  been  widely  reported.^'^  Generally,  between  linear  molecules,  the  molecular  interaction 
perpendicular  to  the  molecular  axis  is  stronger  than  that  parallel  to  the  molecular  axis.  At  high 
solvent  concentrations,  the  linear  molecules  tend  to  bundle  together;  under  these  conditions, 
molecules  show  a  high  degree  of  axial  orientation  normal  to  the  molecular  longitudinal  axes  and 
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a  low  degree  of  orientation  in  the  molecular  planes  around  the  longitudinal  axes.  ZnS-M13 
molecules  appear  to  orient  similarly  to  those  linear  molecules.  At  25%  concentration,  the  ZnS- 
M13  formed  liquid  crystals  in  solution,  and  the  crystallized  molecular  bundle  adsorbed  on  the 
substrate  as  a  nucleus. 

Our  results  demonstrate  that  ZnS-M13  molecules  nucleate  in  an  orderly  fashion  on  both 
polycrystalline  substrates  and  Si(lOO).  Variations  in  the  nucleation  behavior,  depending  on 
concentration  and  substrate  conditions,  suggest  a  capillary  force  effect  between  the  ZnS 
nanoparticles  and  the  water  during  evaporation. 

Two-dimensional  crystal  nucleus  formation  is  governed  by  attractive  lateral  capillary 
forces  between  particles  partially  immersed  in  a  liquid  layer.^^"^  These  interactions  are  important 
across  a  very  wide  range  of  particle  sizes  from  1  nm  to  1  mm.  Particle  dispersion  depends 
initially  upon  the  nature  of  the  substrate  surface.  When  the  liquid  layer  is  thinned  by  solvent 
removal,  particle  self-assembly  is  triggered,  finally  yielding  a  hexagonally  close-packed  array.  A 
theoretical  study^  on  capillary  meniscus  interaction  between  colloidal  particles  attached  to  a 
liquid-fluid  interface  demonstrated  that  for  both  spherical  and  cylindrical  particles,  the  energy  of 
capillary  interaction  is  attractive  and  long-range.  But  in  the  case  of  more  than  two  cylinders,  the 
capillary  interaction  is  not  additive  pair-wise,  and  many-body  interactions  become  significant. 
The  self-assembly  phenomenon  is  particularly  marked  when  the  solvent  thickness  is  comparable 
to  the  diameter  of  the  spherical  particles.^® 

In  this  work,  we  made  our  films  using  the  casting  method;  the  films  formed  by  water 
evaporation  in  about  3  days  at  room  temperature.  We  note  that  the  ZnS  nanoparticles  not  only 
change  the  molecular  interaction  of  the  Ml 3  phage  but  also  lead  the  nucleation.  Partially 
inunersed  ZnS  nanoclusters  will  adsorb  on  the  substrate  along  the  direction  of  flux.  Because  the 
self-assembly  driven  by  capillary  forces  is  most  favored  when  the  solvent  thickness  is 
comparable  to  the  particle  size,  ZnS-M13  nucleates  in  individual  molecules  on  a  smooth  surface, 
such  as  Si(lOO)  with  a  <15  nm  thick  SiOj  overlayer.  But  a  high  concentration  condition  (namely, 
a  molecular  bundle)  is  required  for  nucleation  on  a  rough  substrate. 

The  film  formation  mechanism,  therefore,  can  be  described  by  a  three-stage  model  shown 
in  Scheme  1.  In  the  first  stage,  nucleation  results  from  the  capillary  force  acting  on  the  ZnS 
clusters.  The  second  stage  of  film  formation  is  crystal  growth.  The  first  ZnS-M13  molecules  act 
as  a  template  in  the  second  stage  and  lead  other  molecules  to  adsorb  in  the  same  pattern  by 
molecular  interaction,  inducing  a  wide  range  molecular  orientation.  Thus  the  molecules  orient 
even  on  a  polycrystalline  substrate.  The  final  stage  is  anchoring  of  the  ZnS-M13  molecules,  as  in 
other  liquid  crystals.'**  '*^  We  note  that,  in  contrast  with  the  substrate  dependence  of  molecular 
orientation  in  traditional  film  growth  techniques,  in-plane  molecular  orientation  of  very  large 
molecules  can  be  achieved  via  a  nanoparticle  template  using  lateral  capillary  force.  We  expect 
that  this  strategy  for  biomolecular  orientation  can  be  employed  on  various  substrates  and  for 
films  covering  very  large  surfaces. 

By  controlling  the  aqueous  solution  concentration,  a  high  quality  molecularly  oriented 
cast  ZnS-M13  film  was  achieved  on  ITO  coated  glass  substrates.  Figure  13  shows  the  AFM 
image  of  the  ZnS-M13  film  prepared  at  25%  concentration.  The  rod-like  shape  is  about  880  nm 
long  and  its  diameter  about  7  nm,  in  good  agreement  with  the  molecular  length  of  the  ZnS-M13. 
The  results  reveal  that  the  ZnS-M13  molecules  orient  parallel  to  the  ITO  plate  in  the  film  and 
share  the  same  positional  long-range  ordered  structure.  The  molecularly  oriented  range  extends 
to  a  few  micrometers.  We  therefore  anticipate  application  of  the  films  in,  for  example,  photonic 
materials  and  microelectronics  with  novel  properties. 
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Our  results  demonstrate  dthat  ZnS  nanoparticles  b  ound  with  Ml 3  form  ordered 
molecular  nuclei,  while  M13  alone  does  not.  The  nucleation  occurred  not  by  molecular  epitaxial 
growth  but  by  capillary  meniscus  phenomena.  We  propose  a  new  three-stage  model  for  film 
formation.  In  the  first  stage,  molecular  adsorption  is  induced  by  the  capillary  force  acting  on 
ZnS-nanoparticles.  The  long  axis  of  ZnS-M13  lies  parallel  to  the  substrate  surface  and  is  aligned 
along  the  direction  of  the  water  flux  caused  by  evaporation.  This  creates  a  molecular  template 
over  a  large  area.  In  the  second  stage,  other  molecules  adsorb  on  the  molecular  template.  The 
third  stage  is  the  anchoring  that  occurs  in  the  film  between  the  ambient  air  and  the  ZnS-M13 
interface,  due  to  the  thread-like  Ml 3  molecule’s  liquid  crystal  characteristics. 


Figure  9.  AFM  images  of 
the  boundary  area  between 
the  ZnS-M13  (a)  and  M13 
(b)  films  and  Si(lOO) 
surfaces. 


Figure  10.  Enlarged  AFM 
images  of  the  Ml 3  and 
ZnS-M13  molecules 
adsorbed  on  Si(lOO). 


13 


Figure  12.  AFM 
images  of  ZnS- 
M13  films  cast  on 
SiOj  layers  with 
thicknesses  of  2 
(a),  15  (b)  and 
si  500  nm  (c). 
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Figure  13.  AFM  image 
of  the  ZnS-M13  film 
cast  on  an  ITO  plate. 


Concentration  12±1  mg/ml  30±1  mg/ml 


Si(lOO) 
Si02  (2  nm) 
Si02  (15  nm) 
SiOj  (500nm) 


Table  1.  Effects  of  the  concentration 
of  aqueous  solution  and  substrate 
surface  on  the  nucleation  of  ordered 
structures. 


®  form  good  oriented  nucleation 
A  form  partially  oriented  nucleation 
V  form  randomly  oriented  nucleation 


Main  intermolecular  reaction: 
(linear  molecular  interaction 

and  interaction  between 
Zn^*  and  S^'  ions) 


Substrate 


Scheme  1.  A  proposed  3-stage 
formation  model  for  ZnS-M13 
molecular  orientation. 


Step  1:  Nucleation  by  capillary  force 


Synthesis  and  assembly  of  nanocrvstals  on  oeotide  functionalized  surface 

A7  Peptide  Nucleation  of  ZnS.  We  tested  the  ability  of  synthetic  A7  peptides,  that  is,  peptide 
independent  from  the  phage  yirus  on  which  it  was  discoyerednot  attached  to  phage,  to  control  the 
structure  of  ZnS."*^ 

A7  peptide,  which  specifically  selected  and  grew  ZnS  crystals  when  attached  to  the  phage,  was 
applied  to  form  a  functionalized  surface  on  gold  substrate  that  can  direct  the  formation  of  ZnS 
nanocrystals  from  solution.  A  process  that  is  used  to  prepare  self-assembled  monolayer  (SAM)  was 
employed  to  prepare  an  A7  functionalized  surface.^"^*  To  inyestigate  the  ability  and  selectiyity  of  A7  in 
the  formation  of  ZnS  nanocrystals,  different  kinds  of  surface  with  different  surface  chemistry  on  the 
gold  substrate  are  interfaced  with  ZnS  precursor  solution  with  ZnClj  and  Na2S  as  ZnS  source  and  CdS 
precursor  solution  with  CdCb  and  Na2S  as  CdS  source,  respectiyely. 

Field-emission  SEM/EDS  was  used  to  characterize  the  crystals  formed  on  different  surfaces. 
From  the  detailed  SEM  results  summarized  below,  the  ZnS  crystals  formed  on  A7-related  surface  are  5 
nm,  while  the  CdS  crystals  formed  on  A7-related  surface  are  about  1  -3  microns  (Figures  14,  15).  And 
the  CdS  crystals  formed  on  A7-related  surface  can  also  be  formed  on  amine-only  surface.  Therefore,  we 
can  conclude  that  the  A7  peptide  can  direct  the  formation  of  ZnS  nanocrystals  but  can  not  direct  the 
formation  of  CdS  nanocrystals. 

Control  surfaces,  including  a  blank  Au  surface  and  a  2-mercaptoethyamine  self-assembled 
monolayer  (SAM)  on  the  gold  substrate,  were  not  able  to  induce  the  formation  of  ZnS  and  CdS 
nanocrystals  (Figure  16).  Only  in  yery  few  places,  ZnS  precipitates  are  found  (a).  [Zn^'^]=[S^']=l  x  10'^ 
M.  For  the  CdS  system,  sparsely  distributed  2  microns  CdS  crystals  were  obseryed  and  thought  to  be 
normal  precipitation  at  the  giyen  concentration  ([Cd^^]=[S^‘]=l  x  10'^  M). 
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Figure  14.  A7-only  surface 
directed  the  formation  of  5 
nm  ZnS  nanocrystals  but 
not  the  CdS  nanocrystals 
(a)  ZnS  nanoparticles  (b) 
large  CdS  precipitation 


Figure  15.  A7-amine 
surface  can  direct  the 
formation  of  5  nm 
ZnS  nanocrystals  (a, 
b  &  c)  but  not  CdS 
nanocrystals. 


Figure  16.  Typical 
SEM  morphology  on 
control  surface- 1, 
blank  gold,  after  being 
aged  (a)  in  the  ZnS 
solution  for  70  h.  (b) 
in  the  CdS  solution  for 
70  h.  No  crystals  were 
observed  in  either 
control. 
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Magnetic  Materials:  Co,  CoPt  and  FePt 

Using  the  high  temperature  scheme  developed  by  Alivisatos  and  co  workers,^’  we  synthesized  and 
characterizes  magnetic  nanoparticles  (Figure  17).  These  nanoparticles  were  used  as  substrates  for 
peptide  selection  using  phage  display.  Consensus  peptide  sequences  for  Co,  CoPt  and  FePt  were  all 
successfully  found. 


Figure  17:  TEM  images  and  XRD 
patterns  confirming  the  synthesis 
of  both  Co  and  CoPt 
nanoparticles. 


The  specificity  of  Co  specific  peptide 
was  tested  for  affinity  to  bind  Co  nanoparticles 
versus  Si,  using  a  wild  type  clone  and  a  random 
clone  as  a  control.  The  graph  below  shows  that 
the  Co  clone  binds  Co  and  has  little  affinity  for 
Si  crystals.  The  graph  in  Figure  18  shows  that 
wild  type  and  the  random  sequence  do  not  have 
an  affinity  For  Co  nanociystals. 


Binding  of  Phage  to  Co 


Figure  18:  Graph  of  Co  specific  peptide  binding 
affinity  towards  Co 
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Peptide  directed  growth  of  magnetic  materials. 


Carbon  nanotubes  and  graphite 

We  selected  peptides  that  bind  to  graphite  and  to  Professor  Richard  Smalley’s  HIPCO  processed 
carbon  nanotubes.  We  have  come  to  consensus  sequence  for  both  graphite  and  carbon  nanotubes.  We 
made  synthetic  peptides  based  on  these  sequences  and  tested  their  specificity.  Based  on  TEM,  AFM 
and  fluorescence  microscopy  peptide  selected  for  carbon  nanotubes  are  able  to  bind  to  carbon 
nanotubes.  Peptides  selected  for  graphite  have  a  high  affinity  for  graphite  substrates.  However  these 
graphite  specific  peptides  do  not  show  a  high  affinity  for  nanotubes.  Carbon  nanotube  specific  peptides 
do  show  some  affinity  for  graphite.  Below  are  TEM  and  fluorescence  microscopy  preliminary  data 
showing  carbon  nanotube  peptides  binding  to  a  sample  of  HIPCO  processed  nanotubes.  For  the 
fluorescence  microscopy  image  the  peptide  was  synthesized  with  a  biotin  label  and  FITC  streptavidin 
was  used  to  tag  the  carbon  nanotube  specific  peptide.  For  TEM  studies  gold  labeled  streptavidin  was 
used  to  tag  he  carbon  nanotube  specific  peptide. 


Figure  21:  (a)  Carbon  nanotubes  labeled  with  a  FITC  fluorescent  dye,  attached  via  a 
specific  biotinylated  peptide,  (b)  TEM  images  of  gold  labeled  streptavidin  attached  to 
carbon  nanotutes  via  a  selected  specific  peptide. 
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Silicon 


Biopanning  was  initiated  on  silicon  substrates  of  two  distinct  dopant  concentrations. 
The  substrates  were  {100}  Silicon  p-type  (boron)  with  a  resistivity  of  13.5Q-cni  with  two 
types  of  dopant  implants  1)  phosphorous  implant  with  a  dose  of  1.00E14/cm^  at  lOKeV 
and  7  deg.  tilt  and  2)  BF2  implant  with  a  dose  of  2.00E13/cm^  at  5  KeV  and  7  deg.  tilt. 
Before  each  biopan  the  native  oxide  was  removed  by  etching  in  40:1  HF  for  2min.  The 
substrates  were  then  rinsed  in  DI  and  air  dried.  The  biopanning  began  5-10  minutes  after 
the  HF  dip  so  the  silicon  substrate  should  have  a  hydrogen  passivation  layer. 

Preliminary  biopanning,  second  round,  performed  on  n-  and  p-  doped  silicon 
substrates  reveal  peptide  distributions  indicating  preferential  binding  between  positively 
and  negatively  charged  R  groups.  Positively  charged  R  groups  of  Lysine,  Arginine,  and 
Histidine  had  a  16.82%  occurrence  after  the  third  round  of  biopanning  on  the  n-  type 
silicon  substrate.  These  same  amino  acids  had  a  9.72%  occurrence  on  the  p-  type  silicon 
substrates.  The  negatively  charged  R  groups  of  Aspartate  and  Glutamate  were  distributed 
5.61%  for  the  n-  type  substrate  and  6.94%  for  the  p-  type  substrate.  Of  particular  interest 
in  the  negatively  charged  amino  acid  group  is  glutamate  which  was  distributed  at  4.17% 
on  the  p-  type  substrate  and  only  1.87%  on  the  n-  type  substrate.  Major  differences  were 
also  observed  in  the  polar  uncharged  R  groups  with  serine,  threonine,  and  proline  binding 
with  higher  distributions  on  the  n-  type  substrate,  and  Asparagine  and  Glutamine  binding 
with  higher  distributions  to  the  p-  type  substrate.  Two  peptides  sequences  are  shown 
below  one  reach  for  n-  and  p-  doped  silicon  (light  gray  represent  negative  charged  amino 
acids,  dark  Grey  represent  positive  charges  amino  acids. 

p-Si  Glu  Ala  Gin  Ser  Thr  Tyr  liGlu '  Leu^^^Ala  Glu  Asn 

n-Si  Ser  Pro  j|p'|Pro  He  Tyr  KfeHlSriThr  Tyr  Gin  IKH 

Further  screening  and  condition  deviations  during  screening  are  being  investigated  with 
Silicon  substrates. 
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Iron  oxides 

Phage  were  selected  that  specifically  bind  to  iron  oxide  nanoparticlesJ  Phage 
clone  Fll  has  been  shown  to  bind  4  nm  and  13  nm  Fe304  nanoparticles  as  discrete 
particles.  The  TEM  image  shown  in  Figure  22  illustrates  that  the  FI  1  peptides  acts  as  a 
capping  agent  and  prevents  the  nanoparticles  of  Fe304  from  binding  to  each  other.  The 
figure  on  the  left  shows  aggregation  in  the  absence  of  Fll,  and  the  image  on  the  right 
shows  the  individual  nanoparticles  in  the  presence  of  FI  1.  Figure  23  is  an  AFM  image  of 
the  FI  1  clone  binding  13  nm  Fe304  nanoparticles.  This  binding  specificity  will  be  further 
investigated.  The  placement  of  these  biomolecule-Fe304  nanoparticles  are  being 
explored.  We  were  also  able  to  monitor  the  pH  reversible  binding  of  FI  1  clone  to  Fe304 
nanoparticles  in  fluids  using  AFM  tapping  in  liquid  (Figure  24  below). 


Figure  22.  TEM  image  of 
(Left)  Aggregates  of  Fe304 
formed  in  absence  of  phage 
(Right)  Phage  bound  to 
Fe304  nanoparticle 
organized  into  wire-like 
rows. 


Figure  23.  AFM  of  the 
clone  Fll  showing 
attachment  of  1 3  nm 
Fe304  to  primarily  one 
end  of  the  phage. 


Figure  24:  AFM  inages  monitoring  the  pH  reversible  binding  of  Fll  clone  to  Fe304 
nanoparticles  in  fluids. 
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Binding  Experiments:  binding  experiments  were  performed  separately  with  magnetite 
and  hematite,  then  comparatively  in  order  to  find  the  relative  binding  order  among  clones 
isolated  after  six  rounds  of  biopanning.  The  clones  JH-127,  JH-77,  JH-86,  and  JH-78 
were  magnetite  specific  (Fe304)  and  the  clones  JH-93,  JH-99  and  JH-95  were  hematite 
specific  (Fe203). 


In  the  binding  experiment,  a  constant  amount  of  a  material  specific  clone  was 
added  to  the  fresh  substrate  (Fe203  or  Fe304).  The  clones  were  interacted  with  the 
substrate  for  two  hours  in  order  to  allow  equilibrium  to  be  reached.  After  two  hours,  the 
phage  solution  was  removed  and  the  substrate  was  rinsed.  Each  phage  solution  was  then 
titered  in  duplicate  in  order  to  determine  the  relative  binding  order,  along  with  the  error 
within  the  titering  measurement.  The  results  of  the  binding  experiment  are  shown  in  the 
graphs  for  each  material  in  Figure  25,  with  the  average  PFU  of  the  eluted  phage  plotted 
on  the  y-axis.. 


Clone  Comparison  on  Fe203 


Clone  Comparison  Fe304 
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Figure  25:  (left)  Comparison  of  binding  affinity  of  Fe  2O3  specific  clones  on  Fe  2O3. 
(right)  Comparison  of  Fe304  specific  clones  on  Fe304 


A  similar  experiment  was  done  in  order  to  determine  the  degree  of  specificity  of 
Fe203  clone  binding  to  the  hematite  surface  versus  the  magnetite  surface.  These 
experiments  were  done  using  a  constant  mass  of  the  two  powders.  Constant  mass  was 
used  due  to  the  similarities  in  densities  and  particle  sizes  in  the  hematite  and  magnetite 
used,  therefore  constant  mass  should  mean  that  a  constant  amount  of  surface  area  would 
be  available  for  binding.  In  the  following  experiment,  2.1  mg  of  magnetite  and  hematite 
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were  added  to  microcentrifuge  tubes  before  adding  750  fiL  of  TEST  and  3xl0’  PFU  of 
the  Fe203  clone  JH-95.  Under  these  conditions,  it  was  found  that  the  JH-95  clone  binds 
better  to  the  magnetite  surface  than  to  the  hematite  surface  but  not  by  more  than  an  order 
of  magnitude  (see  graph  below,  Figure  26). 


F«203  Cion*  Specificity: 
magnetit*  versus  hematite 
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Figure  26:  Magnetite  specific 
clone  study  on  hematite 


The  reverse  experiment  was  done  in  order  to  determine  the  degree  of  specificity 
of  Fe304  clone  binding  to  the  hematite  surface  versus  the  magnetite  surface.  Under  the 
conditions  used,  it  was  found  that  both  the  JH-127  and  the  JH-78  clone  bind  better  to  the 
magnetite  surface  than  to  the  hematite  surface  by  less  than  an  order  of  magnitude  for  JH- 
127  and  by  almost  an  order  of  magnitude  for  JH-78.  According  to  this  experiment,  JH- 
127  binds  with  greater  density  but  with  less  specificity  than  JH-78.  This  experiment  is 
being  duplicated  using  larger  hematite  and  magnetite  particles  in  order  to  determine 
whether  particle  size  plays  a  role  in  the  specificity  of  binding. 
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